Many cyanobacteria commonly identified as belonging to the genus Nostoc are well-known cyanobionts (symbionts) of a wide variety of plants and fungi. They form symbioses with bryophytes, pteridophytes, gymnosperms and angiosperms that are considerably different in the type of reciprocal interaction between the host and the cyanobiont. The phylogenetic and taxonomic relationships among cyanobionts isolated from different hosts and Nostoc strains isolated from free-living conditions are still not well understood. We compared phylogeny and morphology of symbiotic cyanobacteria originating from different host plants (genera Gunnera, Azolla, Cycas, Dioon, Encephalartos, Macrozamia and Anthoceros) with free-living Nostoc isolates originating from different habitats. After preliminary clustering with ARDRA (amplified rDNA restriction analysis), phylogeny was reconstructed on the basis of 16S rRNA gene sequences and compared with morphological characterization, obtaining several supported clusters. Two main Nostoc clusters harboured almost all cyanobionts of Gunnera, Anthoceros and of several cycads, together with free-living strains of the species Nostoc muscorum, Nostoc calcicola, Nostoc edaphicum, Nostoc ellipsosporum and strains related to Nostoc commune. We suggest that the frequent occurrence of symbiotic strains within these clusters is explained by the intensive hormogonia production that was observed in many of the strains studied. However, no evidence for discrimination between symbiotic and free-living strains, either by molecular or morphological approaches, could be found. Sequences of Azolla cyanobiont filaments, taken directly from leaf cavities, clustered tightly with sequences from the planktic cyanobacterium Cylindrospermopsis raciborskii, from the benthic Anabaena cylindrica 133 and from Anabaena oscillarioides HINDAK 1984/43, with high bootstrap values. The phylogenetic analysis showed that two distinct patterns of evolution of symbiotic behaviour might exist for the nostocacean cyanobacteria, one leading to symbioses of Nostoc species with a wide variety of plants, the other leading to the association of a unique cyanobacterial type with the water fern Azolla.
INTRODUCTION
Filamentous cyanobacteria of the genus Nostoc are known to be the main symbiotic partners of a wide range of eukaryotic organisms, where the hosts are found among all kingdoms: protists, animals, fungi and plants (Rai et al., 2002) . According to the International Code of Botanical Nomenclature, the genus Nostoc belongs to the order Nostocales and, in Bergey's Manual of Systematic Bacteriology, it is affiliated to subsection IV of Cyanobacteria (Rippka et al., 2001) . In recent phylogenetic studies, using several molecular marker genes (small subunit rRNA, rpoB, rbcLX and nifD or nifH), the closest relatives to the genus Nostoc were shown to be the genera Anabaena, Aphanizomenon and Trichormus, also members of the family Nostocaceae (Rajaniemi et al., 2005; Svenning et al., 2005; Henson et al., 2002 Henson et al., , 2004 Lohtander et al., 2003) . All members of the genus Nostoc are characterized by a complex life cycle that includes differentiation into heterocytes (nitrogen-fixing cells), akinetes (resting spores) and hormogonia (motile filaments), serving for dispersion and as infective units in symbiosis (Lazaroff, 1966; Lazaroff & Vishniac, 1961; Mollenhauer, 1970; Rippka et al., 1979) . Four Nostoc groups, three of which corresponded to the type species Nostoc muscorum, Nostoc edaphicum and Nostoc calcicola, have been resolved on the basis of their life cycle (Hrouzek et al., 2003; Rajaniemi et al., 2005) but, following the analysis of 81 additional 16S rRNA gene sequences of cyanobacterial strains identified as belonging to the genus Nostoc, many more clusters were obtained. These clusters were separated to an extent, indicating that they might represent different taxa .
The symbiotic relationships of nostocacean cyanobacteria with the plant kingdom involve plants from the divisions Bryophyta (mosses, liverworts and hornworts), Pteridophyta (the genus Azolla), gymnosperms (family Cycadaceae) and angiosperms (family Gunneraceae). Identification and diversity studies of the cyanobionts from the individual plant hosts, with the exception of Azolla, have revealed high strain diversity both within and among different host species (Rasmussen & Svenning, 1998; Nilsson et al., 2000; Guevara et al., 2002; Zheng et al., 2002; West & Adams, 1997; Costa et al., 2001; Rasmussen & Nilsson, 2002) . Among the cyanobacteria associated with cycads, the species N. muscorum and Nostoc punctiforme have been identified (Costa et al., 1999) .
The symbiosis with the water fern Azolla is well studied, mainly due to the potential use of Azolla as a fertilizer in rice fields (Van Hove & Lejeune, 2002) , and also for its unique perpetual nature (Lechno-Yossef & NierzwickiBauer, 2002) . The Azolla cyanobionts, together with symbionts belonging to other bacterial phyla, are hosted within specialized cavities in the fern leaves (Lechno-Yossef & Nierzwicki-Bauer, 2002) . Originally, the cyanobionts of Azolla were described as Anabaena azollae by Strasburger (1884) . However, morphological studies of the cyanobacterial populations inhabiting the cavity, performed on presumed cultivated cyanobionts, yielded misleading or incomplete results on the taxonomic position of the cyanobionts (Gebhardt & Nierzwicki-Bauer, 1991) . Comparative molecular studies have revealed that cultured cyanobacteria isolated from the fern were indeed different from the cyanobiont population inhabiting the leaf cavity, leading to the suggestion that one major cyanobacterial population is involved in the symbiosis, while other minor populations are non-specifically associated with the fern (Tomaselli et al., 1988; Plazinski et al., 1990; Gebhardt & Nierzwicki-Bauer, 1991; Pabby et al., 2003) . Up to now the taxonomy of the cyanobacterial populations living inside the leaf cavity of Azolla remains undefined and largely controversial. What is well accepted is that these cyanobionts belong to the order Nostocales, while there is a continuous debate on whether they belong to Nostoc (Plazinski et al., 1990; Gebhardt & Nierzwicki-Bauer, 1991; Pabby et al., 2003) , Anabaena (Gebhardt & NierzwickiBauer, 1991; Svenning et al., 2005) or Trichormus (Komárek & Anagnostidis, 1989) , or if they constitute a separate genus (Caudales et al., 1995; Baker et al., 2003) .
The aim of the present study was to use an integrated morphological and molecular approach for a comparative analysis of nostocacean cyanobacteria of symbiotic origin, including strains isolated from the angiosperm Gunnera, the gymnosperm cycads, the bryophyte Anthoceros and cyanobionts of the water fern Azolla, as well as cyanobacterial strains of free-living origins. The molecular tools employed in the present study, amplified rDNA restriction analysis (ARDRA) of the 16S rDNA+ITS (internal transcribed spacer) and phylogenetic analysis of the 16S rRNA gene, provided evidence of high genetic diversity among the cyanobacteria studied that was strongly supported by morphological analysis.
METHODS
Cyanobacterial strains and Azolla cyanobionts. We studied 28 cyanobacterial strains previously assigned to the genus Nostoc, and three cyanobiont populations directly extracted from the leaf cavity of plants belonging to three distinct species of Azolla (Table 1) . Symbiotic Nostoc strains were isolated from the following host plants: seven strains from species of the angiosperm genus Gunnera, four strains from cycads and two from the genus Anthoceros. Fifteen cyanobacterial strains isolated from free-living conditions were also included in the study. Details of species and origins of the host plants, origins of cultures and references to original descriptions, are given in Table 1 . For molecular analysis, free-living and symbiotic Nostoc strains were grown in nitrogen-free BG-11 medium (Rippka et al., 1979) in continuous light (80 mmol photons m 22 s 21 intensity) with gentle shaking, at 28 uC. For morphological studies, the individual strains were transferred to 1.5 % w/v agar plates and kept at a temperature of 20±2 uC and light intensity of 35 mmol photons m 22 s 21 , until examined. Cyanobionts from Azolla were directly collected from the host plants Azolla pinnata subsp. pinnata strain 7001, Azolla rubra strain ADUL2 and Azolla caroliniana strain 3001 grown in freshwater in the greenhouse at Stockholm University. Mature fronds of each strain of Azolla were collected, washed several times with distilled water and the roots were removed. The 'gentle roller' Evolution of symbiosis in nostocacean cyanobacteria procedure (Peters & Mayne, 1974) was utilized to isolate filaments of symbiotic cyanobacteria from within leaf cavities.
DNA extraction. DNA was extracted from biomass of freshly grown cyanobacterial cultures and from filament bundles isolated from Azolla leaves as described by Hrouzek et al. (2005) . After ethanol precipitation, DNA was resuspended in 50 or 100 ml TE buffer (10 mM Tris/HCl pH 7.5, 1 mM EDTA) and stored at 220 uC.
Amplification of the 16S rRNA gene+ITS. All cultures of the cyanobacterial strains studied were unialgal, but several of them were not axenic. Therefore, a cyanobacteria-specific protocol was used for the amplification of the 16S rRNA gene+ITS region, using primers 16S27F and 23S30R, the latter being specific for cyanobacteria (Taton et al., 2003) . The 50 ml PCR volume contained 1 ml DyNAzyme EXT (1 U ml 21 ) (Finnzymes), 5 ml 106 DyNAzyme EXT buffer containing 50 mM MgCl 2 , 5 ml dNTP mixture containing 2 mM concentration of each dNTP, 2.5 ml (10 pmol ml 21 ) of each primer and 5 ml BSA (10 mg ml 21 ). The mixture was sterilized under UV light and 1 ml DNA template was added for amplification to take place according to the following PCR program: 94 uC for 5 min, 10 cycles of 94 uC for 45 s, 57 uC for 45 s and 2 min at 72 uC, 25 cycles of 94 uC for 45 s, 54 uC at 45 s and 2 min at 72 uC, and extension at 72 uC for 7 min. PCR products were checked on 1 % w/v agarose gel.
Fingerprint analysis (ARDRA). The PCR products (approx. 2 kbp) were digested separately with restriction endonucleases MboI, HpaII and HhaI (Fermentas). Digestions were carried out according to the manufacturer's instructions in 10 ml total volume. The restriction fragments obtained were separated on a 2.8 % w/v MetaPhor agarose gel (Lonza) for 4.5 h at 150 V and 15 uC. Analysis of electrophoretic profiles was carried out on digital images using the software BioNumerics version 2.5 (Applied Maths). For each strain, a composite profile obtained by assembling three normalized restriction profiles, one for each restriction endonuclease, was included in the analysis. DNA molecular weight marker XIV (Roche) was run in several positions of each gel for electrophoretic profile normalization. Gel profiles were manually edited to check for the correct assignment of the bands to band classes. The unweighted pair-group method using arithmetic averages (UPGMA) was performed on the normalized composite profiles. Fragments shorter than 100 bp were not considered in the analysis.
Sequencing and analysis of the 16S rRNA. Aliquots of PCR products from the 16S rRNA gene+ITS region were sent for fulllength sequencing to Cogenics (Grenoble, France). Sequencing primers were 16S979F, 16S544R and 16S1092R . The chromatograms were analysed by the gauntlet PHRED/ PHRAP/CONSED (Gordon, 2004) and consensus sequences imported in ARB (Ludwig et al., 2004) , which was used for all subsequent analytical steps. Sequences were aligned with the ARB database of public domain sequences and trimmed at a position homologous to the end of the Escherichia coli 16S rRNA gene sequence. The alignment was used to generate phylogenetic trees based on three different algorithm options (Table 1) was added to the sequences of the strains studied in this work; Chroococcidiopsis thermalis PCC 7203 was used to root all trees. NJ and MP analysis were bootstrapped with 500 and 100 replicates, respectively; due to software constraints, ML analysis was not subjected to bootstrap.
Morphological study. The morphological study was performed on a total of 17 cultured strains (Table 2) , including ten symbiotic and seven free-living ones. All examinations were performed on cultures growing on agar plates. In addition, basic morphometric measurements were performed on three Azolla cyanobionts, which were directly mounted on slides after collection from the leaf cavity; the observation of such natural samples did not allow the evaluation of hormogonia formation and life cycle changes. Morphology of the isolates was studied in young, exponentially growing and old cultures of 3, 10 and 30 days, respectively. Cyanobacteria were examined under an Olympus CX40 light microscope equipped with a digital camera. The morphology of colonies, vegetative filaments, hormogonia and of the mucilaginous sheaths of filaments and the different cell types (vegetative cells, heterocytes and akinetes) were studied. Cell parameters were measured using the DP-SOFT software (Olympus); 50-300 measurements were taken for each parameter to describe the trait variability. were included in the cluster analysis. To calculate distances in the cluster analysis, the Euclidean distance and complete linkage parameters were used.
RESULTS AND DISCUSSION

Phenotypic analysis
To allow for a wider account of Nostoc morphology, data obtained in this work were considered along with data from 14 other free-living and symbiotic Nostoc strains described by Hrouzek et al. (2005) . In all seven studied isolates from Gunnera, the apoheterocytic formation of akinetes and the formation of motile hormogonia observed corresponded with recent descriptions of the development and the morphological structures of the genera Nostoc or Trichormus (Komárek & Anagnostidis, 1989; Rippka et al., 1979) . However, their morphometric evaluation showed a remarkable degree of heterogeneity in several characters. Data are summarized in Table 2 and Figs 1-3. 
Evolution of symbiosis in nostocacean cyanobacteria
Under the cultivation conditions applied, hormogonia could be observed in all but two symbiotic Nostoc strains: Gunnera cyanobionts 8901 : 1 and 8964 : 3 (Table 2 and Hrouzek et al., 2005) . The cyanobacterial strains Nostoc sp. 8926 (isolated from Gunnera hamiltonii), OGU36S01, OGU36S02 and 9104 (isolated from Gunnera tinctoria) and Gm (isolated from Gunnera manicata) showed abundant formation of typical straight hormogonia with conical end-cells (Fig. 2d, f) ; formation of akinete-like cells (AKLC) was also observed (Fig. 2e, p) . However, strains 8964 : 3 and 8901 : 1, isolated from Gunnera prorepens and Gunnera macrophylla, respectively, showed a clearly distinct morphology, forming long vegetative filaments consisting of oval cells embedded in diffusive mucilage ( Fig. 2a-c) . Moreover, no hormogonia were observed and AKLC were completely missing from strain 8964 : 3, while atypical fattened cells, similar to AKLC, were observed in strain 8901 : 1. Granulated akinetes in long chains appeared during the differentiation of the filaments. Such morphology is typical of the N. muscorum group as defined by Hrouzek et al. (2005) . The division of Nostoc strains on the basis of the morphological characters observed is supported by the cluster analysis of selected morphological data shown in Fig. 1 (width of filaments, presence of AKLC, length of filaments and proportion of terminal cells were taken into consideration). For this cluster analysis, previously obtained morphometric data were also used .
Apart from the Azolla cyanobionts and the Gunnera symbiont strain 8901 : 1, which were situated at the base of the UPGMA dendrogram of morphological data, three main branches could be seen in the cluster analysis shown in Fig. 1 . Mainly strains with long vegetative filaments, clearly defined granulated akinetes (Fig. 2b) and hormogonia similar to vegetative filaments were located in branch A. Except for Gunnera strain 8964 : 3, symbionts of cycads strains De and Cr4 ( Fig. 2m-o) , Anthoceros symbiont strain Al1 (Fig. 2h ) and the free-living strains TH1SO1 (Fig. 3a ) and TH3SO5 were also members of this branch. This morphological group also included the free-living N. muscorum strains Lukesova 1/87 and 2/91 (Fig. 2c ) and the cycad symbiont strain Cc2, which had been characterized previously . Branches B and C contained most of the Gunnera symbionts included in the present study: strains 9104 (Fig. 2f) , 8926 (Fig. 2d, e) , Gm (Fig. 2l) , OGU36S01 ( Fig. 2p ) and OGU36S02. These groups corresponded to the morphological group of N. calcicola.
Despite the identification of common characters, the group of N. calcicola is still very heterogeneous, as demonstrated by the fact that strains similar to N. calcicola were separated into two clusters, B and C.
Strains characterized by microcolony formation (Nostoc sp. 996, Lukesova 5/96 and 40/93), a character not included in the calculation of the dendrogram, were present in group C and strains growing in thin films (N. calcicola Lukesova 1/ 86, TH2S22, TO1SO1 and Mau15) were present in all clusters. In two of the film-forming strains (TH2S22 and TH3SO5), similarity to the Trichormus description is evident, which can be distinguished from Nostoc solely by the thin-film growth (Komárek & Anagnostidis, 1989) .
Morphological analysis of the cyanobionts from the Azolla leaf cavities was performed on cyanobacterial filaments collected directly from the leaf cavity, since the cyanobionts are uncultivable (Lechno-Yossef & Nierzwicki-Bauer, 2002) . Filaments consisted of significantly wider cells (8-15 mm) than those observed in all other strains studied. The cell enlargement could be a consequence of the symbiotic condition (Rai et al., 2000) , and thus the measured dimensions cannot be considered necessarily stable in hypothetical in vitro cultivation conditions. . symb., symbiont.
However, since the Azolla cyanobionts might actually be incapable of growing under free-living conditions, the observed morphology might represent their stable and sole morphology. A morphological characterization had previously been performed on Azolla cyanobionts (Hill, 1975; Pabby et al., 2003) . In all populations examined, only vegetative filaments with elliptic heterocytes were observed ( Fig. 3c-e) . No akinetes or hormogonia were observed within the cavity at the time of isolation. In the cluster analysis shown in Fig. 1 , the separation of Azolla cyanobionts into two branches could be explained by the fact that filaments isolated from Azolla pinnata subsp. pinnata strain 7001 were significantly wider (8.9 mm on average) than those from Azolla rubra strain ADUL2 and from Azolla caroliniana strain 3001 (6.1 and 5.9 mm on average, respectively). However, when considering the other morphological characters, all these isolates were definitely similar. The separation of these isolates in two branches could even be an artefact due to the clustering algorithm, since the Azolla cyanobionts did not fall into any other cluster and were placed at the base of the dendrogram.
Amplified rDNA restriction analysis (ARDRA)
As a first step to investigate their genetic diversity, 22 Nostoc sp. strains, two Nodularia sp. strains and three cyanobionts of Azolla were subjected to ARDRA applied to the 16S rRNA gene+ITS region. Supplementary Fig. S1 , showing the UPGMA cluster analysis of the aligned ARDRA profiles, is available with the online version of this paper. The RFLP of the ITS region alone had been previously demonstrated to discriminate cyanobacterial strains at the intra-or interspecific level (Scheldeman et al., 1999) .
Our approach revealed that the cyanobacterial filaments isolated from Azolla shared highly similar ARDRA profiles and formed a branch separated from all other strains studied. Two Nodularia sp. strains clustered in a deep branching group, loosely related to the three free-living Nostoc sp. strains Mau 15, TH3S05 and TH1S01. All the remaining Nostoc sp. strains were part of a unique large cluster with an overall similarity around 62 %, inside which three main subgroups could be identified with similarity values ranging between 69 and 76 %.
The results indicated a wide variability among Nostoc isolates and only strain De, isolated from the cycad Dioon edule, and the free-living soil isolate Lukesova 1/87 showed 100 % similarity of ARDRA profiles. In all other strains, similarity of ARDRA profiles was lower than 95 %. Since ARDRA was not informative enough in resolving the similarity level, the precise relationships among the strains 
were then investigated by analysis of the 16S rRNA sequence.
Phylogenetic analysis
The 16S rRNA gene of 28 Nostoc sp. strains, three cyanobionts of Azolla and two strains of Nodularia was sequenced. The 27 cyanobacterial sequences retrieved from the public domain, listed in Table 1 , were added to the phylogenetic analysis. As a whole, this selection of sequences included representatives of the clusters obtained in a phylogenetic analysis of 81 Nostoc strains by Hrouzek et al. (2005) that covered the presently known 16S rRNA gene diversity range of soil and symbiotic Nostoc. The phylogenetic trees were built using nearly complete 16S rRNA gene sequences longer than 1363 bp, apart from the partial sequence of strain Nostoc sp. 996, which was only 905 bp long. NJ, MP and ML trees had nearly identical topologies (data not shown) and the bootstrap values, available for NJ and MP analyses, were largely congruent. This indicated that the phylogenetic relationships among the studied strains inferred from our analysis were largely independent of method-related biases. Therefore, only the NJ tree with the indication of bootstrap values obtained with the NJ and MP approaches is presented in Fig. 4 . Fig. 4 . Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences of heterocystous cyanobacteria, with the indication of retrieved stable clusters. Sequences obtained in this study are indicated in bold. An asterisk indicates sequences from symbiotic cyanobacteria. Numbers at nodes indicate bootstrap values obtained from distance and parsimony analyses, respectively; apart from one cluster discussed in the text, bootstrap values were reported only at nodes where at least one value was higher than 50 %. GenBank sequence accession numbers are given in parentheses.
The smallest clusters of highly similar sequences were all supported by high bootstrap values, indicating that they represented stable monophyletic assemblages of strains. Inferred evolutionary patterns leading to these monophyletic units were sometimes less robust, as indicated by nodes connecting stable clusters, which were not always supported by bootstrapping. At greater evolutionary distance, three larger strain assemblages, supported by relatively high bootstrap values, could also be identified.
A large, rather compact group of 19 strains, indicated as cluster I in Fig. 4 , showed bootstrap support of 81-58 %. Apart from Nostoc sp. strain Al1, a 98-100 % bootstrap value was granted to the group of the remaining 18 strains. This latter, strongly supported group harboured 12 symbiotic strains mainly isolated from Gunnera species, and the four free-living isolates Lukesova 1/86, 40/93, 5/96 and 1TU14S8. Included in this cluster were also N. calcicola III and N. edaphicum X, the morphology of which had been previously described (Hrouzek et al., 2003) . The clustering together of N. calcicola and N. edaphicum was supported by the study of Rajaniemi et al. (2005) using rbcLX, rpoB and the 16S rRNA gene as genetic markers. This group also contained Nostoc sp. PCC 73102, the reference strain for DNA-DNA hybridization Nostoc cluster 1 (Lachance, 1981; Rippka & Herdman, 1992) . Clustering of Nostoc sp. PCC 73102 with Gunnera and lichen symbionts has been previously shown in other studies (Svenning et al., 2005; Rikkinen et al., 2002) . Nostoc sp. strain Al1, isolated from Anthoceros laevis, was placed relatively apart in cluster I; it was also distinct from the other members in the cluster analysis of morphological data shown in Fig. 1 , where it belonged to branch A, while other cluster members were located in branches B or C. Even if Nostoc sp. strain Al1 formed a separate branch, its contiguity to other cluster I members was shown by all three methods used for the phylogenetic analysis in the present study.
The second supported group (bootstrap values 79-96 %), named cluster II in Fig. 4 , contained ten Nostoc sp. strains, six of which originated from symbiotic associations, three from Gunnera and three from cycads, and four free-living strains. Very high bootstrap values supported the existence of two subclusters within cluster II. Subcluster IIa harboured the two N. muscorum strains Lukesova 1/87 and 2/91, N. muscorum I and strains De and 8938, isolated from Dioon and Gunnera dentata, respectively. Subcluster IIb contained strains Cc2 and Cr4, isolated from Cycas, and strains PCC 9231 and 8964 : 3, isolated from G. dentata and G. prorepens, respectively, together with the free-living strain TO1S01.
Cluster III (Fig. 4) , composed of Nostoc sp. strain 8916, from Gunnera monoica, and Nostoc sp. Mau15, a free-living isolate from a rice field, had low bootstrap support (36-52 %), but was nevertheless considered because it was generated in all three phylogenetic analyses, with a deep branching position in the tree. This deep branching position of strain 8916 was shown by Svenning et al. Reference strain PCC 7120, a typical free-living strain and a representative of Nostoc cluster 3 based on DNA-DNA hybridization (Lachance, 1981) , was found to be quite distant from strains of symbiotic origin and located near the root of the large branch including clusters I, II and III.
A large cluster IV (Fig. 4) corresponded to the monophyletic radiation of clusters 1-4, described in details by Rajaniemi et al. (2005) , and included the genera Anabaena, Trichormus, Cylindrospermopsis and Nodularia. On the basis of bootstrap values, several subclusters could be identified inside cluster IV. Strongly supported by bootstrap analysis, subcluster IVa included the sequences retrieved from four cyanobionts of Azolla plants: three sequences were obtained in the present study, while one (GenBank accession no. AY742450) had been previously published by Svenning et al. (2005) . Compact clustering of the Azolla cyanobionts is consistently supported by ARDRA of the 16S rRNA gene+ITS and 16S rRNA gene sequence analysis. This is in complete agreement with a large survey of the cyanobionts of 35 strains of all species of Azolla, shown to be very closely related to each other, with a maximal sequence divergence of 2.3 % (Papaefthimiou et al., 2008) . In addition, the sequence of Nostoc sp. 'Azolla cyanobiont' (GenBank accession no. AY742450), as well as cyanobiont populations isolated from Azolla pinnata subsp. pinnata 7001, have been included in both that study and the present one. High bootstrap support obtained in all studies confirmed that the cluster containing the four sequences of Azolla cyanobionts represents the cyanobacterial taxon that evolved in the symbiotic association with all species of Azolla. The nearest sequences to the Azolla cyanobionts analysed in this study were Anabaena oscillarioides HINDAK 1984/43 and Anabaena cylindrica 133, isolated from freshwater lakes, in accord with a phylogenetic analysis performed by Papaefthimiou et al. (2008) . Trichormus is one of the genera to which the Azolla cyanobionts were assigned in the past (Komárek & Anagnostidis, 1989; Baker et al., 2003) ; however, the present study showed that species of Trichormus were unrelated to the Azolla symbionts, which is also in agreement with data obtained by Papaefthimiou et al. (2008) . The sequences of the Azolla cyanobionts did not enter any of the Nostoc clusters previously defined by Hrouzek et al. (2005) , thus ruling out the possibility that they belong to the genus Nostoc (data not shown). A. oscillarioides HINDAK 1984/43 is consistently connected to Cylindrospermopsis raciborskii in our analysis as well as in the work by Rajaniemi et al. (2005) . The same authors described a cluster (cluster 3) formed by A. oscillarioides HINDAK 1984/43 and A. cf. cylindrica 133, which could well correspond to our subcluster IVa with the inclusion of the less related strain 133.
The highly stable subcluster IVb held three free-living Nostoc strains of different origins, which were clustered together only on the basis of sequence relatedness; this cluster deserves a complete characterization and possibly the addition of more strains before a supported interpretation is possible.
Sequences in subcluster IVc corresponded to most of the planktonic Anabaena strains included in the study by Rajaniemi et al. (2005) , with the addition of some benthic ones, and were not closely connected to any of the new sequences introduced in our study.
Nostoc sp. strain 8941 is the only cyanobiont belonging to cluster IV that did not originate from the Azolla symbiosis; a preferential connection of this strain to any other single or subcluster member of cluster IV is not supported by the phylogenetic analysis. Given that it lacks tightly related companions, the analysis of a larger number of cyanobionts from the Gunnera symbiosis and from other symbioses involving cyanobacteria could give more robust support to the phylogenetic distribution of non-Azolla cyanobionts.
Nostoc strain Cam2S01, N. muscorum CENA 18 (Fiore et al., 2005) and the free-living strain 996 all came from soil or sediments in tropical areas; they were loosely but constantly related in all phylogenetic analyses. A larger number of strains would be necessary to understand whether they represent a new phylogenetic unit. The same is true for Nostoc ellipsosporum V and Nostoc sp. TH2S22, which were always found together and, in MP and ML analysis, also related to the previously cited group of tropical soil strains. Our study included five strains isolated from rice fields in different locations; interestingly, these strains, while coming from habitats where the presence of Azolla is rather common, did not cluster together, nor did they show any appreciable relatedness to cluster IV, where the Azolla cyanobionts were located. This supports the perpetual nature of the Azolla symbiosis, able to exclude all other cyanobacteria living in the nearby environment.
The deepest nodes of the phylogenetic tree, although with only partial support by the bootstrap analyses, separated the 60 sequences in two large clades. A clade that included clusters I, II and III, and is equivalent to cluster 5 of Rajaniemi et al. (2005) , corresponded to the typical Nostoc classification, with representatives of the species N. muscorum, N. calcicola, N. edaphicum and N. ellipsosporum and strains related to N. commune. A life stage with the abundant presence of motile hormogonia is widespread among its members. This large cluster included all nonAzolla-related nostocacean symbiotic isolates, except the Gunnera isolate Nostoc strain 8941. Symbiotic strains (except 8901 : 1 and Al1) belonging to cluster I contained inside this larger clade showed morphological characters resembling the descriptions of N. calcicola and N.
edaphicum (morphological groups B and C in Fig. 1 ) previously given by Hrouzek et al. (2005) . The compact cluster II had a comparable occurrence of symbiotic strains, with morphological traits mostly resembling those of the species N. muscorum (group A based on morphology, shown in Fig. 1 ). We suggest that the frequent occurrence of symbiotic strains within clusters I and II could be explained by the intensive production of hormogonia, found in 11 out of 13 cyanobionts and in many free-living strains.
A small cluster of three strains related to Trichormus azollae strain Kom BAI/1983 was found to have a deep rooting inside this large branch with NJ and ML phylogenies, but not with MP, where it remained as a third independent branch at the initial subdivision of the entire tree (data not shown). Strain Kom BAI/1983, which has been isolated and cultured from Azolla, was in fact definitely unrelated to uncultured, directly isolated filaments of Azolla symbionts.
Since the other two strains of this small cluster originated from rice fields, one could suppose that strain Kom BAI/ 1983 was also originally a free-living cyanobacterium in rice fields, isolated by chance from the external surface of the water fern. This would delineate a cluster of these cyanobacteria, even if sequences of other rice field isolates are found in different positions along the tree (Table 1 and Fig. 4) . A specifically focussed study on rice field cyanobacterial populations seems to be required to understand the real identity of the T. azollae cluster.
The lowest clade of the phylogenetic tree shown in Fig. 4 corresponded to the wide radiation including the genera Anabaena, Aphanizomenon, Cylindrospermopsis, Nodularia and possibly Anabaenopsis and Cyanospira, discussed in details for the genera Anabaena and Aphanizomenon by Rajaniemi et al. (2005) ; clusters 1-4 described in that study specifically correspond to this large branch. The directly isolated uncultured Azolla cyanobionts are thus phylogenetically related to the Anabaena radiation while, interestingly, according to literature, Azolla cyanobionts show Nostoc-like apoheterocytic akinete formation (Anagnostidis & Kó marek, 1988) , differing from paraheterocytic akinete formation typically found in species of Anabaena.
The deep branching pattern of the phylogenetic tree indicated that, with only one exceptional case deserving more accurate consideration (strain 8941), two distinct patterns of evolution of the symbiotic behaviour could be hypothesized for the nostocacean cyanobacteria, one leading to symbioses of Nostoc species with a wide variety of plants, the other leading to the association of a unique cyanobacterial type with the water fern Azolla. The former type of association has evolved into a present-day remarkable genetic and morphological diversity of the cyanobionts, coupled with a lack of clear-cut differentiation from freeliving cyanobacterial counterparts, mostly belonging to typical soil species of Nostoc. The latter association, contrastingly, led to the evolution of a compact and homogeneous cluster, separated from the neighbouring free-living cyanobacterial genera. This association is particularly strict and selective and up to now it has not been possible to cultivate the cyanobionts separately. What caused the two evolutionary patterns to differentiate remains unclear; however, we can only notice that, while symbioses of Nostoc species involve terrestrial plants, the Azolla symbiosis has evolved in an aquatic environment.
